A novel method for the identification of viable Listeria species was developed based on reverse transcriptionmultiplex PCR (RT-MPCR) and restriction digestion. The targets for RT-MPCR were iap mRNAs whose genes are common to all Liseria species. A set of five primers was used in this study. Two of them were genus specific, and the other three were specific to L. monocytogenase, L. innocua, and L. grayi respectively. By RT-MPCR, L. monocytogenese, L. innocua, L. grayi, and a group of Listeria species, including L. ivanovii, L. welshimeri, and L. seeligeri, were specifically identified. To differentiate the latter three Listeria species, RT-MPCR products were subjected to digestion with HpaI and ScaI. The sensitivity of RT-MPCR in detecting Listeria species was determined to be 50 CFU/mL. RT-MPCR was found to discriminate between viable and nonviable cells and to detect viable Listeria species in a food model.
Listeria are gram-positive, non-spore-forming, facultatively anaerobic bacilli that occur individually or form short chains. They comprise six species, including Listeria monocytogenes, Listeria innocua, Listeria grayi, Listeria ivanovii, Listeria welshimeri, and Listeria seeligeri. All of these species are widespread in the natural environment. Among them, L. monocytogenes is considered to be a significant human and animal pathogen, causing listeriosis. 1) This disease is a serious, potentially fatal infection affecting primarily pregnant women, older adults, and persons with weakened immune systems. The clinical manifestations range from mild flu-like symptoms and gastroenterititis to septicemia and central nervous system infections. Infections during pregnancy can lead to miscarriage or stillbirth, premature delivery, or infection of the newborn. Although L. ivanovii is only rarely the cause of human disease, it is a pathogen of animals responsible mainly for abortion in ruminants. 2, 3) Human and animal pathology caused by other Listeria species has also been identified even though this is very rare. L. seeligeri has been found to be involved in human listeriosis, 4) and L. innocua has been reported to be implicated in animal disease. 5) Raw and processed foods can readily be contaminated by Listeria species, because they are widely distributed through the environment and can be grown at refrigeration temperatures.
6) The coexistence of several Listeria species in the same food is not unusual, and often the incidence of Listeria species other than L. monocytogenes is higher than that of L. monocytogenes itself. 7) Since all Listeria species are potential food contaminants, the presence in foodstuffs of any of these species is considered to be an indicator of contamination and the potential presence of L. monocytogenes. However, because the threats to public health posed by contamination of foods by these Listeria species are not similar, it is very important that all of them be rapidly and reliably detected and identified.
Identification of Listeria to the species level by biochemical standard methods is laborious and timeconsuming, in many instances requiring 1-2 weeks to complete. Examples of these methods are the sugar fermentation test and the CAMP (Christie-AtkinsMunch-Peterson) test, a method based on the stimulation of lysis of red blood cells by L. monocytogenes in the presence of other microorganisms, producing extracellular enzymes. Moreover, differentiation between species is not always reached. To overcome these drawbacks, several more sophisticated methods for the identification of Listeria have been developed, including immunoassays, nucleic acid-based hybridization assays, and PCR-based methods. [8] [9] [10] While immunoassays are rapid, nonspecific detection due to cross reactivity can occur. Nucleic acid-based hybridization assays are rapid and have high specificity, but a large number of DNA targets, ranging from 10 3 to 10 4 , are required to achieve a detectable hybridization signal. PCR-based methods show a high degree of specificity and have the added advantage of extreme sensitivity. 10) PCR-based methods have been improved continuously to increase species differentiation ability. Multiplex PCR 11, 12) and PCR combined with restriction fragment length polymorphism (RFLP) analysis 13) have been used for species discrimination in the genus Listeria, but PCR does not y To whom correspondence should be addressed. Tel: +66-45-288380; Fax: +66-45-288389; E-mail: rattanachaikunsopon@yahoo.com Abbreviations: MPCR, multiplex polymerase chain reaction; RT-PCR, reverse transcription-polymerase chain reaction; RT-MPCR, reverse transcription-multiplex polymerase chain reaction provide information related to cell viability, because it cannot distinguish DNA molecules from live and dead cells. 14) To improve discriminatory power, a pre-enrichment step is typically performed to allow viable cells to grow and multiply, 15, 16) but the pre-enrichment process takes 6-48 h to complete, and this becomes a bottleneck for the subsequent PCR. mRNA can be used as a marker of viability, because it is present only in replicating cells and degrades quickly after cell death. Hence mRNA more accurately reflects the viability of the cells in a sample than does DNA. Several studies have investigated mRNA as a viability marker for bacteria. 12, 17, 18) Protein p60 was initially described as a major extracellular protein in L. monocytogenes associated with the invasion of nonprofessional phagocytic cells. 19) The gene encoding p60 was therefore designated iap (for invasion-associated protein). 20) Later, Bubert et al. reported that p60-related proteins occurr in all Listeria species. 21 ) A comparison of the iap genes of all Listeria species indicated that there are conserved gene portions at the 5 0 and 3 0 ends, while the internal portions are species-specific. 22) Based on their characteristics, several studies have been used iap genes as targets in PCR-based methods for the identification of Listeria species. 11, 22) Hence we propose a method for the identification of Listeria species using reverse transcription-multiplex PCR (RT-MPCR) of iap genes together with restriction digestion analysis. This method makes possible the specific identification of all species of Listeria simultaneously. The method was first validated on six reference strains of Listeria and then used to identify Listeria species in artificially contaminated food models.
Material and Methods
Bacterial strains and culture conditions. A total of six Listeria and four non Listeria strains were used. The Listeria strains included six reference strains (L. monocytogenes ATCC 19115, L. innocua ATCC 51742, L. grayi ATCC 700545, L. ivanovii ATCC BAA-678, L. welshimeri ATCC 35897, and L. seeligeri ATCC 35967). The non Listeria strains included Escherichia coli O157:H7 ATCC 35150, Salmonella enterica serovar Typhi ATCC 6539, Staphylococcus aureus ATCC 25923, and Streptococcus pneumoniae ATCC 10015. All the bacterial strains were grown in brain-heart infusion (BHI) broth and agar (Difco Laboratories, Detroit, MI) at 37 C. Bacterial stock cultures were stored as frozen cultures in BHI broth containing 20% glycerol (vol/ vol) at À80
C. To determine cell numbers, bacterial cultures were serially diluted in BHI broth. One hundred mL of appropriate dilutions was spread onto BHI agar, and the plates were incubated at 37 C for 18 h. Bacteria cultures for total RNA and genomic DNA extraction were prepared as follows: A single colony of each bacterial strain was inoculated into 5 mL of BHI broth and this wasincubated at 37 C for 18 h. A 2-mL aliquot of the culture was then transferred into 20 mL of BHI broth, and this was incubated at 37 C until the culture reached log phase (5 Â 10 6 CFU/mL). The bacterial cells were harvested by centrifugation for 10 min at 5;000 Â g from a 1.5-mL aliquot of the log phase culture for extraction of total RNA and genomic DNA.
Total RNA and genomic DNA extraction. The total RNA of bacteria was isolated from cell pellets using a TRIzol Ò MaxÔ Bacterial RNA isolation kit (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. The precipitated RNA was resuspended in 50 mL of RNase free sterile water. When necessary, contaminated DNA was eliminated by treating it with Nuclease Bal-31, an exonuclease removing nucleotides from both strands of a DNA molecule, at a final concentration of 10 units/mL for 2 h at 30
C. Genomic DNA of the bacteria was isolated from the cell pellets using a Genomic DNA Extraction Kit (Real Biotech, Taipei, Taiwan) according to the manufacturer's instructions. The RNA and DNA solutions were stored at À80
C for further use.
Primers specific to Listeria iap genes. The oligonucleotide primers used in the amplification of specific sequences on iap genes of Listeria species were PrLis1 (5
, and PrG (5 0 -TTAGCAGGAGCGGCTTGTTTTA-3 0 ). PrLis1 and PrLis2 are genus-specific primers. They were used in the amplification of the entire lengths of the coding sequences of Listeria iap genes, as previously reported by Bubert et al.
11) PrM, PrIn, and PrG, used in the amplification of sequences specific to L. monocytogenes, L. innocua and L. grayi respectively, were purchased from Integrated DNA Technologies (Singapore). They were analyzed for melting temperature (T m ), hairpin structure, and dimers using software available from Integrated DNA Technologies (www.idtdna.com). The specificity of the primers was analyzed by BLAST, available at the National Central for Biotechnology Information (www.ncbi.nlm.nih.gov).
Reverse transcription-PCR (RT-PCR), reverse transcription-multiplex PCR (RT-MPCR), multiplex PCR (MPCR), and restriction digestion conditions. RT-PCR and RT-MPCR amplifications of Listeria RNA were carried out in a Thermocycler 480 (Perkin-Elmer, Waltham, MA) using the SuperScriptÔ III one-step RT-PCR system with Platinum Ò Taq DNA polymerase (Invitrogen, Carlsbad, CA). RT-PCR and RT-MPCR were performed in 50-mL volumes containing 5 mL of RNA, 25 mL of 2Â reaction mix (a buffer containing 0.4 mM of each dNTP, and 3.2 mM MgSO 4 ), 0.5 mM of each primer and 2 mL of SuperScriptÔ III RT/Platinum Taq Ò Mix. The thermal cycle was programmed so that reverse transcription was followed immediately by PCR or MPCR amplifications. Reverse transcription experiments were performed at 60 C for 35 min. PCR and MPCR experiments were performed under the following conditions: denaturation at 94 C for 2 min, followed by 40 cycles at 94 C for 30 s, 60 C for 30 s, and 68 C for 1 min, and a final cycle at 68 C for 5 min. Endonuclease digestion of amplification products was carried out by incubating 5 mL of the amplification products with 0.2 units of endonuclase HpaI and ScaI (Promega, Madison, WI) for 1 h at 37 C. For MPCR amplifications, MPCR reaction mixtures of 50 mL contained 25 mL of 2x PCR Master Mix (Promega, Madison, WI), 5 mL of DNA, and 0.5 mM of each primer. MPCR amplifications were carried out in a Thermocycler 480 at 1 cycle of 94 C for 4 min, followed by 30 cycles of 94 C for 45 s, 60 C for 1 min, and 72 C for 3 min, and a cycle of 72 C for 10 min. RT-PCR, RT-MPCR, MPCR, and the digestion products were electrophoresed through 2% agarose gels in Tris-acetate-EDTA buffer, and the gels were stained with 0.5 mg/mL of ethidium bromide solution. The molecular sizes of the products were estimated by comparison with the pGEM DNA marker (Promega, Madison, WI).
Sensitivity of RT-MPCR. For sensitivity testing of RT-MPCR, 20 mL of BHI broth was inoculated with 2 mL of overnight bacterial cultures, and this was incubated at 37 C until the cultures reached log phase. The concentration of each of the various cultures was determined by measuring its optical density (OD) at a wavelength of 600 nm. The OD 600 nm value was then converted to cell concentration in CFU/mL using the standard curve. After determination of the concentration of the culture, it was diluted in BHI broth to obtain samples with cell numbers of 10, 50, 100, 150, and 200 CFU/mL. The RNA extracted from each sample was used as template in RT-MPCR amplifications.
Ability of RT-MPCR to discriminate between viable and nonviable cells. To examine the ability of RT-MPCR to discriminate between viable and nonviable cells, 50 mL of BHI broth was inoculated with 5 mL of overnight bacterial cultures, and this was incubated at 37 C until the cultures reached log phase. Five-mL aliquots were harvested for total RNA and for genomic DNA extraction. The cells were then heat-killed by boiling for 15 min at 100 C. Following heat treatment, the cultures were heated at 37 C, and after 0, 1, 2, and 3 h of incubation, 5-mL aliquots were removed for both total RNA and the genomic DNA extraction. The RNA and DNA extracted from the viable and the heat-killed cells was subjected to RT-MPCR and MPCR respectively.
Identification of Listeria species in a food model. To prepare a food model, ground beef obtained from a local retail market (Ubon Ratchathani, Thailand) was autoclaved at 121 C for 15 min. Two-g portions were weighed aseptically into sterile plastic bags and inoculated with 2 mL of all six reference Listeria pure cultures separately to obtain final concentrations of 100 CFU/g of food. After they were mixed thoroughly, the food samples were diluted with 18 mL of sterile phosphate buffer (pH 7) and then homogenized for 2 min in a Laboratory Blender Stomacher 400 (Seward, West Sussex, UK). One mL of each food homogenate was transferred to 9 mL of BHI broth, and this was incubated at 37 C. After 1 h of incubation, a 2-mL aliquot was collected for total RNA extraction and subsequent species identification.
Results
Each primer pair was initially evaluated separately for specificity and functionality by RT-PCR using RNA of all six reference strains of Listeria and four non Listeria strains, including E. coli O157:H7 ATCC 35150, S. enterica serovar Typhi ATCC 6539, S. aureus ATCC 25923, and S. pneumoniae ATCC 10015 as templates. The primer pairs used in the experiments were PrLis1/ PrLis2, PrLis1/PrM, PrLis1/PrIn, and PrLis1/PrG. By using primer pair PrLis1/PrLis2, RT-PCR products of sizes ranging from 1,380 bp to 1,570 bp were obtained from the reference strains of Listeria, but not from all the non Listeria strains (Fig. 1) . The RT-PCR products of L. monocytogenes, L. innocua, L. grayi, L. ivanovii, L. welshimeri, and L. seeligeri were 1,530 bp, 1,390 bp, 1,530 bp, 1,570 bp, 1,570 bp, and 1,570 bp respectively. By using primer pairs PrLis1/PrM, PrLis1/PrIn, and PrLis1/PrG separately, RT-PCR products of about 1,090 bp, 450 bp, and 710 bp were obtained but only from L. monocytogenes, L. innocua, and L. grayi respectively (Fig. 1) .
To prove that the absence of the RT-PCR product in all non Listeria strains was due to the specificity of the primer pairs, total RNA extracted from all of the non Listeria strains was subjected to RT-PCR using universal primers specific to 16S rDNA (primer FD1, 5 0 -AGAGTTTGATCCTGGCTCAG-3 0 , and primer RP2, 5 0 -ACGGCTACCTTGTTACGACTT-3 0 ). Approximately 1.4-kb products were observed in all the tested strains, indicating that the RNA of the four bacterial strains can be used as templates for RT-PCR (data not shown).
To develop an RT-MPCR assay, all the primers were further evaluated for specificity and functionality. RNA to be used as templates in the experiments, was extracted from all six reference strains of Listeria and four non Listeria strains, E. coli O157:H7 ATCC 35150, S. enterica serovar Typhi ATCC 6539, S. aureus ATCC 25923, and S. pneumoniae ATCC 10015. For each template, RT-MPCR was performed using all five primers, PrLis1, PrLis2, PrM, PrIn, and PrG. The results of the agarose gel electrophoresis analysis of the RT-MPCR products were in agreement with those obtained in the experiments using the primer pairs separately. For L. monocytogenes, L. innocua, and L. grayi, two DNA bands were observed, of about 1,530 bp and 1,090 bp, 1,390 bp and 450 bp, and 1,530 bp, and 710 bp respectively (Fig. 2) . For L. ivanovii, L. welshimeri, and L. seeligeri, only one DNA band was observed, of about 1,570 bp (Fig. 2) . These results indicate that all the primers maintain their specificity in the RT-MPCR, and that they can be used for simultaneous detection of L. monocytogenes, L. innocua, L. grayi, and a group of Listeria species including L. ivanovii, L. welshimeri, and L. seeligeri.
By RT-MPCR, L. ivanovii, L. welshimeri, and L. seeligeri could not be differentiated. In all of these cases, only genus-specific DNA bands were detected. To differentiate these three Listeria species, restriction digestion was used in conjunction with RT-MPCR. When the RT-MPCR products of L. ivanovii, L. welshimeri, and L. seeligeri were subjected to restriction digestion with HpaI and ScaI, three different digested DNA patterns were obtained. For L. seeligeri, only one DNA band, of 1,570 bp, was observed. For L. ivanovii, two DNA bands, of 910 bp and 660 bp, were observed. For L. welshimeri, three DNA bands, of 910 bp, 410 bp, and 250 bp, were observed (Fig. 3) .
Sensitivity of the RT-MPCR in detecting and identifying Listeria species was examined by performing RT-MPCR on RNA isolated from broth cultures of all six reference Listeria strains at different cell numbers (10, 50, 100, 150, and 200 CFU/mL). In all tested strains of Listeria, the expected RT-MPCR products were first detected when RNA isolated from broth cultures at cell numbers of 50 CFU/mL was used in RT-MPCR (Fig. 4) . These results suggest that RT-MPCR can detect and identify Listeria species with a sensitivity of 50 CFU/mL.
The ability of RT-MPCR to distinguish between viable and nonviable Listeria cells was examined by performing RT-MPCR as well as MPCR with RNA and DNA isolated from both live and heat-killed cells. When the RNA and DNA of all the reference Listeria strains were extracted from live cells and amplified by RT-MPCR and MPCR respectively, the products were observed to be as expected. For L. monocytogenes, L. innocua, and L. grayi, two DNA bands were observed, of about 1,530 bp and 1,090 bp, 1,390 bp and 450 bp, and 1,530 bp and 710 bp respectively (Fig. 5) . For L. ivanovii, L. welshimeri, and L. seeligeri, only one DNA band was observed, of about 1,570 bp (Fig. 5) . The same results were obtained by MPCR immediately following heat treatment of the cells and for 1, 2, and 3 h after heat treatment (Fig. 5) . Enumeration of the culture on BHI agar plates revealed that heating at 100 C for 15 min rendered the cell culture nonviable, indicating that the bacterial DNA was stable and capable of being amplified for hours following loss of viability. In contrast, RNA from heat-killed cells could not be amplified by RT-MPCR at any time following heat treatment due to rapid degradation of the RNA following the loss of cell viability. Hence the detection of RNA by RT-MPCR should provide a more sensitive indicator of cell viability than detection of gene sequences by MPCR.
The ability to detect and identify viable Listeria strains in a food model by the proposed method was examined. Cooked beef samples (autoclaved at 121 C for 15 min) were artificially contaminated with Listeria species. After 1 h of incubation, the RNA was extracted from all the samples and amplified by RT-MPCR. In all the samples, the expected RT-MPCR products were detected (Fig. 6 ). Restriction digestion with HpaI and ScaI of the RT-MPCR products obtained from L. ivanovii, L. welshimeri, and L. seeligeri also gave the results expected (data not shown). These results indicate that the method developed in this study provides a 
Discussion
Traditional microbiological assays for the identification of Listeria species are time-consuming and often yield differing results. 23) Advances in biotechnology over recent decades have resulted in the development of many more rapid methods for the detection of Listeria species, [8] [9] [10] but most of these methods lacks the ability to characterize all the species of Listeria simultaneously. Moreover, PCR-based methods can yield false positive results due to amplification of the DNA in nonviable cells. 12, 14) To overcome the potential for false positive results of PCR-based methods, a method for the specific identification of Listeria species was developed in this study based on the RT-MPCR of iap mRNA in conjunction with restriction digestion with HpaI and
ScaI.
Successful detection of Listeria spp. by the RT-PCR of mRNA requires selection of a suitable target gene for amplification. This target gene should possess several characteristics, including abundant transcript expression, expression throughout the growth cycle, and little or no transcriptional regulation. Several previous works have found that the iap gene is an ideal target for the detection of Listeria spp. by RT-PCR, because it is constitutively expressed and is present throughout the bacterial growth cycle. 12, 24) Based on the above information, the iap gene was selected as a target gene for the detection of Listeria by RT-MPCR in this study.
For RT-MPCR of iap mRNA, five primers, PrLis1, PrLis2, PrM, PrIn, and PrG were used. The criteria for selecting and designing the primers were as follows: they must be specific to genus Listeria and/or to certain species of Listeria; it must be possible to use them simultaneously in RT-MPCR without loss of specificity; and they must give RT-MPCR products substantially different in size. PrLis1 and PrLis2 have been reported to be specific to the coding region of the iap genes of all members of Listeria. PrM, PrIn, and PrG were designed from specific regions of L. monocytogenes, L. innocua, and L. grayi respectively. RT-PCR of the iap mRNA using primer pairs PrLis1/PrM, PrLis1/PrIn, and PrLis1/PrG separately indicated that the primer pairs were specific to L. monocytogenes, L. innocua, and L. grayi respectively. When all five primers were used together in RT-MPCR of the iap mRNA, the results indicated that all of them maintained their functionality without losing specificity.
The method developed here is comparable to methods for the identification of Listeria species previously reported in terms of length, simplicity, and convenience.
To identify all species of Listeria using the proposed method, only one RT-MPCR of iap mRNA with all five primers and one restriction digestion reaction with HpaI and ScaI were required. The RT-MPCR of iap mRNA differentiated L. monocytogenes, L. innocua, L. grayi, and a group of Listeria species including L. ivanovii, L. welshimeri, and L. seeligeri, which were further differentiated by HpaI/ScaI double digestion of the RT-MPCR products. The method reported by Bubert et al. for the identification of Listeria species requires MPCR and a series of PCRs of iap genes.
11) By MPCR with four primers (Lis1B, Mono A, Ino2, and Mugra), L. monocytogenes, L. innocua, L. grayi, and a group of Listeria species, including L. ivanovii, L. welshimeri, and L. seeligeri, were identified. To differentiate the latter group of Listeria, PCR of the iap genes with Lis1B/Iva1, Lis1B/Wel1, and Lis1B/Sel1 primer pairs specific to L. ivanovii, L. welshimeri, and L. seeligeri respectively were needed. Paillard et al. describe a method of identifying Listeria species based on the restriction fragment length polymorphism (RFLP) of PCR-amplified 23S rRNA gene fragments. 13) This method requires two PCR amplifications of specific fragments of 23S rRNA genes and a series of rounds of restriction digestion. By restriction digestion with XmnI and CfoI of 890 bp-specific DNA fragments amplified from 23 rRNA genes, L. monocytogenes and L. grayi were identified while L. innocua and L. seeligeri could not be differentiated from L. welshimeri and L. ivanovii respectively. To differentiate L. innocua from L. welshimeri and L. seeligeri from L. ivanovii, restriction digestion of 460 bp-specific DNA fragments amplified from 23 rRNA genes with AluI and ClaI were required, respectively.
The use of our method was studied to identify viable Listeria species in an artificially contaminated food model. Initially, the experiments were set up to avoid complications due to the presence of background microflora. A food model was prepared by autoclaving ground beef for 15 min at 121 C and then inoculating it with Listeria species. The results showed that all of the viable Listeria species in the food model were detected and identified by the method, indicating that the food matrix did not present isolation of bacterial mRNA and its subsequent amplification by RT-MPCR. Further studies are being conducted in our laboratory to determine what effect the presence of background microflora might have on the method.
In conclusion, a novel method based on RT-MPCR and restriction digestion was developed for the specific identification and differentiation of all viable Listeria species. This method makes it possible to avoid the false positive results of PCR-based identification methods. By using the RT-MPCR of iap mRNA, L. monocytogenes,
